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Abstract 
The market for luxury business vehicles in China is becoming larger and larger.  In order to make profit 
from this new market, companies must design new products that will be better than competitors.  
Johnson Controls is looking for innovative products that could be sold to the manufacturers that 
produce these luxury vehicles.  They required assistance in designing a leg rest that would be highly 
comfortable for the users.  The project team researched the market and designed a leg rest that 
Johnson Controls can use to profit from the increasing luxury vehicle market.    
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Introduction 
 
This project is a joint project with Shanghai University, Worcester Polytechnic Institute and Johnson 
Controls.  Johnson Controls is an international company located in over 150 countries. They are leaders 
in technology and industry, creating products such as automotive batteries, interior parts for 
automobiles and services for energy optimization.  In 2011 they were listed as number 67 on the 
Fortune 500 list in the United States and number 267 on the international Fortune 500 List. 
Johnson Controls is a company that is very involved with the car industry. They provide various car parts 
to car dealers, such as seats and instrument panels.  More specifically, a group of customers that is 
increasing in size was targeted for this project.  That is the rising need for MPVs (multi-purpose vehicles) 
as luxury cars for important business personnel or other similar situations.  Johnson Controls is looking 
for a way to make profit from this growing demand for MPVs and decided to look into creating a leg and 
foot rest that could be attached to the seats of those vehicles.   The goal statement of this project is to 
design an easy to use leg and foot rest that will provide the highest level of comfort for the passengers 
in the MPV so JC can sell in order to stay competitive in the market for luxury MPVs.   
Some objectives were set out in order to insure that when the project was finished we would be able to 
determine if the project was successful or not.  The leg/ foot rest should be comfortable and the product 
price should be competitive in the market.  It should function properly for the lifetime of the vehicle and 
it should not affect the function of any other parts in the vehicle.   
This project was very interesting and a great experience for all involved.  As an American student I got a 
chance to live and work in a country that is very different from home.  It allowed me to interact with 
people who had a different native language and different outlooks on many aspects of society.  This 
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made the project a little more challenging because many times we had to use the internet to translate 
difficult engineering terms.  Other difficulties included using the internet to do research for the project. 
Since the Chinese government filters what is online, it was difficult to find some information and more 
specifically information in English. In the end the project was a success and even though it was the first 
time WPI and SHU worked with Johnson Controls, the company was very pleased.  We designed and 
modeled a leg rest that met our standards for comfort and therefore could potentially be an attractive 
product for the car manufacturers that are looking to make their luxury MPVs more comfortable.  
Background 
History of Johnson Controls 
In order to understand Johnson Controls, some research was done on their history.   
1960-1985: Expanding Their Reach 
Since 1985 JC has acquired Hoover Universal and entered the automotive seating and plastics machinery 
industry.  Later that year, automotive seating supplier Ferro Manufacturing was acquired.  JC could now 
design, engineer and assemble complete automotive seating systems. 
1987 
Johnson Controls opened its first integrated, Just-in-Time (JIT) automotive facility in Ossian, Indiana. It 
can deliver sequenced seats to a nearby General Motors factory 108 minutes after getting order 
shipments of complete seats. 
1990 
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The company finalized a deal to purchase a 60 percent interest in E.A.H. Naue GmbH & Co.KG - a 
German manufacture of foam seating, plastic and other automotive components. This gave JC entry to 
the German market and the rest of Europe through operations in Spain, Yugoslavia, Austria and England. 
A large Just-in-Time manufacturing plant was built in Germany that can produce 270,000 sets of 
automotive seats annually for GM's Opel Kadett auto assembly plant nearby. 
1996 
The company made seats for more than eight million new automobiles and was selected for Industry 
Week Magazine's “100 Best Managed Companies in the World.”  It also acquired Prince Automotive and 
greatly expanded its automotive interior systems business, making sales approach US $10 billion. 
1997-2000 
JC began expansion into China with a joint venture, making seats for Beijing Jeep.  They also achieved 
the rank of South America's largest seating supplier.  lkeda Bussan, a Japanese automobile seat supplier, 
was acquired and introduced new products including the Auto Vision in-vehicle video system. 
Present Day 
Johnson Controls is now the largest Complete Seat supplier globally with over 350 programs in addition 
to over 200 plants, R&D centers and other facilities worldwide.  These programs make it possible to 
deliver 22+ million seat sets per year.  Johnson Controls has acquired many companies throughout its 
history helping them make it to number 67 on the Fortune 500 list.  This has all been a part in making 
Johnson Controls the global giant that it is today. (Johnson Controls, 2012) 
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Comfort 
The main reason that this product is being made is so that the passenger can be comfortable.  So this 
must be made the main concern during the project. It is difficult to put an exact definition to what 
comfort is because it can vary from person to person.  Some general boundaries for comfort have been 
made to ensure the design has achieved the basic requirements for comfort.   
Human Ergonomics 
One of the first steps in the design process is to understand what the product is being designed for.  In 
this specific project the subject is humans.  So in order to design the product based on the human body, 
the body must be studied.  Many studies have already been done for many different reasons, but mainly 
because ergonomics have become a very important field for increasing productivity and efficiency.  
“Ergonomics (or human factors) is the scientific discipline concerned with the understanding of the 
interactions among humans and other elements of a system, and the profession that applies theoretical 
principles, data and methods to design in order to optimize human well being and overall system.” 
(International Ergonomics Association, 2010) 
A more specific type of study required for designing a product that requires the measurements of a 
human body, anthropometric measurement studies would be the most effective.  Anthropometry is the 
study and process of recording measurements of the human body.  The measurements are taken with a 
large sample size and it can be organized by region.  This is very important because some regions may be 
significantly taller on average than other regions.  (Taylor, 2006) 
The requirements for this product are quiet simple.  The design must be made with considerations for 
the length of the user’s legs.  Many things will have already been determined from the seat because that 
is being designed separately.  These may include the width required for the user, depth of the seat, 
height from the ground, and distance to the seat in front.  Although they are all very important in 
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considering the overall experience for the user, they are not something that needs to be considered in 
this project because it will be defined by the seat, not the leg rest.  
A book was selected to use as a reference for the measurements that would be required for this project.  
It was very useful because it was focused on vehicles, titled Ergonomics in the Automotive Design 
Process.  It was used to find the dimensions that were needed to define what would be comfortable for 
our product.  These measurements will be defined below.   
After much research was completed, it was determined that there have not been any studies completed 
on leg rest.  One of the main objectives of the project is to define comfort and apply it to the design.  So 
the first step is to define comfort and without a study to use, it would have to be given a definition.  
Depending on how the final designed functioned, it may have different parameters of comfort that 
needed to be defined.  Therefore it was decided that the exact measurements of comfort would be 
decided after the final design was selected.   
Problem Statement  
When there are important business people in town the company will send a car to pick them up. When 
CEOs and other high level personnel get driven to work every day or are going to a meeting, they want a 
vehicle will look good on the outside and be comfortable on the inside.  In America this is mostly done 
by using either a Town Car or a limousine and when these cars are on the street people know that there 
is most likely someone important riding in it.  This is not the case in China. The executives in China have 
resorted to a minivan or multi-purpose vehicle (MPV).  This may seem strange from an American’s point 
of view because it is used as a family vehicle to transport multiple children and all of the luggage they 
bring with them.  China does not have the need for a vehicle like this because most of the families only 
have one child.  So when someone sees a MPV in China, they don’t think that it is for a soccer mom, they 
know that it is for an important business person.  The people that get driven to their destinations in 
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these MPVs like to be as comfortable as possible.  To make the MPVs more comfortable, companies may 
make modifications to the stock design by adding leg rests, tables, extra space, video screens and other 
things that a business person may need in a vehicle.  
Although it is not likely that one company will completely control the market, a company in China has a 
very firm grasp.  Buick has stopped producing their MPV in America and have now focused on selling 
them in China.  The Buick GL8 is the car to have if you want to impress whoever is being driven around.  
Business Insider’s Alex Davies says that “… Buick could now be the brand of choice for its [China’s] 
businessmen.”  He also stated “GM now dominates the minivan market, selling nearly 67,000 GL8 
Luxury MPVs in 2011. Sales rose 28% over 2010, to double the rates of the previous model…”   
This growing market is a huge opportunity for companies selling parts that could increase the comfort 
level of these vehicles in order to meet the demands of the customers.  Since Johnson Controls is 
already the largest seat manufacturer in the world, they have a huge advantage over competitors.  
Selling a leg rest as an option for their seats to the car manufacturers is a chance for them to profit from 
the increasing market.   
The problem statement for the project is that business personnel that are driven to their destinations in 
a company car, mainly MPVs, like to travel comfortably, but the stock seats in the car are not 
comfortable enough for them.  
 Methodology 
The purpose of this project was to design a leg rest that could be used by Johnson Controls to present to 
car manufactures making luxury MPVs.  The project work was worked on by three different people and 
the work was divided appropriately.  A design process was followed and objective and task lists were 
created to make the project run as smoothly as possible.  
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Design Process 
In order to make sure all the necessary steps for a design project are followed, the Ten Step Design 
Process, from Gerard Voland’s Engineering by Design book, will be used.  It can be seen below.  
1. Identification of Need 
2. Background Research 
3. Problem Statement 
4. Objectives 
5. Ideation and Invention 
6. Analysis 
7. Selection 
8. Detailed Design 
9. Prototyping and Testing 
10. Production 
(Voland, 2003) 
This design process is very thorough and will make sure no steps are missed.  The 9th and 10th step will 
not be complete for this project. 
Objectives 
 The leg/ foot rest should be comfortable 
 Product price should be competitive in the market 
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 It should function properly for the lifetime of the vehicle 
 It should not affect the function of any other parts in the vehicle 
Tasks 
 Define comfort and apply to design 
 Design the product so it is not expensive to deliver 
 Combine Leg and foot rest into one system 
 Design should not interfere with the seat back table 
 Test 30,000 to 50,000 cycles in Catia to simulate the lifetime use of product 
Results  
 
In order to select the final design everything had to be taken into consideration.  The design concepts, 
drive devices, design constraints, and of course the objectives of the project all had to be thought about 
during the process.  Deciding the general design concept was simple because out of the six different 
design concepts, only one of them met all of the requirements of the project.  This one was the leg rest 
that rotates from the end of the seat and uses extension to achieve a longer length.  The drive device 
was a much more difficult decision.  In order to make and educated decision, a design matrix was 
created.  
Design Concepts 
Following the design process, the fifth step is to begin brainstorming ideas.  In order to not limit the final 
design at all, every design idea was accepted.  In this step there were many ideas that were not going to 
be used, but this allowed more creative ideas to flow.  To begin, the general idea of the leg rest was 
focused on.  This means the way that the leg rest would operate in the vehicle such as being attached to 
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the seat, raising up from the floor or being part of the seat in front of it.  Next, the more detailed aspects 
of each design were looked into such as the components that would be required for each design.  These 
included things like linkages, motors and frames. Finally the designs were analyzed and the ones that 
were not going to meet the objectives set were removed. The remaining designs were compared and a 
design to being the next step was easily selected.  
Motion of the System 
The first ideas that were put down on paper were general ideas of the design.  Things that were first 
mentioned were what was already know, such as Lazy Boy armchairs, first class seats on an airplane, and 
luxury vehicles.   Anything that was thought of that currently has a leg rest had a very similar concept for 
the motion of the system.  That was a leg rest that rotated out from underneath the seat.  Other designs 
included leg rests that were a separate system than the seat itself.  The following are different types of 
designs that would be feasible in a vehicle.  
 
Rotation from the end of the seat 
This is the classic design when one thinks of a seat with a leg rest.  The leg rest will rotate from under 
the seat with the pivot point being at the end of the seat.  At first this design was the simplest as well as 
the most attractive.  Then we had to consider that the distance between the seat and the floor, or the 
maximum distance of the leg rest, may not be long enough to make the leg rest the proper length for 
the majority of the people.  This means that the leg rest would not only have rotate, but also have an 
aspect to the design that would make it longer.  In this respect two different concepts were developed 
and they are listed below. 
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Figure 1: Dual rotation design concept 
 
Figure 2: Solid Works model of dual rotation concept 
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Figure 3: Rotation with extension design concept 
Section of front seat folds down 
This design a more innovative idea, but it has many drawbacks.  The leg rest is part of the seat in front of 
it.  If the user desired, they would access the leg rest by rotating a piece of the backrest, of the seat in 
front, down.  They could then put their legs on this section and also use the bottom seat cushion of the 
seat in front as a leg rest.  This design is very different from all other designs and that is because many 
customers do not want to purchase this design. 
This design does not meet the customers’ requirements, the tasks of this project, because it is not a 
system that is only one part. The comfort of this design is limited because the angle of the leg rest 
cannot be adjusted. Instead of designing a leg rest that would attach to the seat that the user would use, 
the design would be modifying a different seat completely.  If the user would like to use the leg rest, it 
would require that there is no person in the seat in front of them.  These disadvantages are very 
significant and therefore we eliminated this design as a possibility.  
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Figure 4: Front seat section folds down design concept 
Part of the floor rises 
One idea that is very different is the design that the floor of the car doubles as the leg rest.  This design 
was not found in any research and probably for good reason.  The vehicles seats would not be 
incorporated into the leg rest design at all.  The leg rest would be a separate system that would be built 
into the floor.  The user would put their feet on the cushion of the leg rest and then when they would 
like to use the leg rest, it would be raised up.  Their legs would then be resting where their feet just 
were.  One obvious issue with this design is that the leg rest would be subjected to whatever condition 
the user’s shoes were in; so rain, snow, mud etc. would be on the leg rest.  The user would not be 
satisfied if their legs were getting wet or dirty.  This design was eliminated because it would not be one 
part with the seat.  Also, it would not be able to be installed into any vehicle without the car being 
modified, or it is not modular.  
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Figure 5: Floor lift design concept 
 
Figure 6: Solid Works model of floor lift concept 
Extend from under the seat 
The leg rest of this design would be stored underneath the seat.  When the user desired that it be used 
it would extend from under the seat.  This design would have the same capabilities of the design with 
the rotating leg rest, but it does have some disadvantages.  The frame and mounting bracket for the seat 
does not allow for much space.  Most likely, in order to use this design, the seat frame would have to be 
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redesigned.  Another design complication would be how to extend the leg rest from under the seat 
without it being uncomfortable for the user.  If the leg rest was one rigid piece, than it would have to be 
extended all the way out from under the seat before it rotational capabilities could be used.  Every time 
the user would like to use the leg rest, they must hold their legs up high enough to allow the leg rest to 
come out and this would be very uncomfortable.  For these reasons, this design was eliminated.  
 
Figure 7: Under seat extension 
Separate system 
Another design concept is one that does not involve design modifications to any of the seats.  The leg 
rest would be located on the floor and would have the ability to move into position when the user 
desired to use it.  To keep it secured to the vehicle it could use a rail system like those already installed 
on some MPV models.  This design would be very easy to adjust and easy to install into vehicles that 
already have a rail system available for it, but it does not meet the parameters for this project.  It is not 
modular and cannot be used in every vehicle.  It could also be nuisance when the user does not want to 
use it because it is difficult to move out of the way.  
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Figure 8: Separate system design concept 
Drive Devices  
Whichever design is selected, there will be a need for a drive device to activate the leg rest.  Although 
there are many different drive devices available, only simple and widely used devices were selected.  
First it was determined which actions or type of motion the drive devices would have to perform. 
Excluding the design concepts that did not meet the project’s standards, the possible motions required 
would be rotation and extension. Through research, the following devices were selected to accomplish 
one or both of the uses. The devices that were researched included pneumatic piston, electric motor, 
electric motor with rack and pinion, electric motor with ball screw, gas piston, or manual operation.  In 
order to understand how each one of these devices worked, along with their advantages and 
disadvantages, a description of each device was created.  
Pneumatic System 
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Pneumatics was one of the many drive devices that was thought as a possibility for this project.  It is 
widely used and has many different applications.  Since the principle has so many uses, it has many 
different options for customers to consider.  For this project the pneumatic cylinder or pneumatic piston 
was what would work best.  In order to understand its advantages and disadvantages, how the device 
functions needs to be observed first.  Although other gases can be used, air is main gas that is used.  A 
compressor will take the air at atmospheric pressure and turn it into high pressure air.  The air is then 
transferred from the compressor to the cylinder by tubes.  When the air reaches the cylinder it can 
function in a variety of ways.   
The two main types of cylinders are single acting and double acting pistons.  Single acting pistons only 
have one high pressure tube connected to it.  When the air is released and goes into the cylinder, the 
piston will extend.  There is a spring on the inside of the cylinder that acts in the opposite direction of 
the air, so when the air supply is cut off the spring will force the piston to return to its original position.  
The double acting piston has two high pressure tubes, one at each end of the cylinder. When the high 
pressure air is released into the tube opposite the open end, the piston will extend. It will stay there as 
long as the system is pressurized.  When the user wants to return the piston to the original position, the 
other tube will be pressurized and it will force the piston back.  For this project the type of cylinder that 
would have been used would be the double acting piston.  Some of its advantages are that one 
compressor could account for as many pistons as would be needed for the design.  The variation in size 
and shape would make it easy to adapt it for all of the needs of the project.  Some disadvantages include 
the extra space needed for the compressor and the noise that would be created as the high pressure air 
flows in and out of the cylinder.  (Majumdar, 1995) 
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Figure 9: Example of a pneumatic cylinder 
Manual Operation 
Instead of using an external source of force for the drive device, the user could be the one to open and 
close the leg rest.  A design similar to those on couches or reclining chairs could be used.  The design 
would most likely have some potential energy stored in the system and once the user released a latch, 
the energy would be released therefor extending the leg rest.  In order to close the leg rest the user 
would have to use their legs and hands to do this.  This may make the experience less pleasant for the 
user.  
Electric motor 
The electric motor uses are vast and it has applications in many devices used every day.  When doing 
background research on leg rests, it was assumed that the majority of the designs that had a drive 
device were using an electric motor in some way.  Although an electric motor can be used by itself, 
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there are many different devices that it can be used in conjunction with.  Some of these include a ball 
screw and a rack and pinion system.  The basic function of electric motors is widely understood.  An 
electric field is created usually using copper wires and a power source.  The field that is created forces a 
magnet with a shaft connected to it to rotate.  The rotation of the shaft can then be used directly or can 
be altered using gears or some other mechanical system.  
The motor that was looked at specifically was a window motor just like one used to raise and lower a car 
window.  The motors are designed so that car windows cannot be moved by outside forces.  This is 
achieved by using a worm gear in conjunction with gears to create a large amount of torque that will not 
allow the system to move unless an electrical current is applied.  This quality is very useful in other 
applications that require a motor to rotate to a certain position and then stay there.  (Pansini, 1996) 
 
Figure 10: Window Motor 
Many different devices can be incorporated with motors, specifically a ball screw and a rack and pinion 
system.  It was decided that these two had potential for use in this project.  A ball screw is a very simple 
but very precise device.  It is a threaded rod that gets a rotational force from the motor.  The purpose of 
the system is to transfer the rotational motion of the motor to a linear motion.  The linear motion comes 
from a nut that is secured to the part of the system that the designer wants to move linearly.  This nut is 
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also threaded and as the rod rotates the nut will move up the rod.  As it rotates the other way it will 
move down the rod.  A rack and pinion is similar in that it transfers a rotational motion into a linear 
motion.  The way this is accomplished is by using a gear attached to a motor and a flat surface, or rack, 
which has the teeth of a gear all along it.  So as the gear rotates it causes the rack to move in a linear 
direction.  Both of these devices could be incorporated into a leg rest design.   
 
Figure 11: Ball Screw 
Gas Shock or Gas Piston 
A gas shock is a similar concept to a pneumatic cylinder, except it is a contained system.  The piston’s 
neutral position can either be extended or collapsed, depending on what it is needed for.  A good 
example for a gas shock is when you open the trunk of a hatchback vehicle.  The two gas pistons exert 
their force as soon as the latch is released.  They hold the trunk in the open position until the user closes 
it.  This is achieved by a gas that is sealed inside of the cylinder and is constantly pushing and trying to 
extend the piston.  The force that the gas exerts is strong enough to open the trunk, but it is also small 
enough that the user can close the trunk and return the piston to its collapsed position.  This device has 
an advantage over the others because it does not require a power source.  It also has a limited number 
of moving parts, making it less likely to malfunction.  The big disadvantage to this device is that it 
requires the user to push the leg rest closed, similar to a couch or recliner.  If the user had to do this 
then it would be less comfortable. 
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Figure 12: Gas shock 
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Decision Matrix 
It was easy to select a specific design and linkage system, but the advantages and disadvantages of the 
drive devices were not as clear.  In order to make a decision, a design matrix was created.  To select a 
motor for the final design there were concerns of many aspects, but some were more important than 
others.  In order to make a design matrix that would give the most accurate results, each feature was 
given a weight and the weights add up to 1.   
The next step was to rank the three different design options 1 to 3, 1 being the best.  This means that 
when the scores are added up, the device with the lowest score would be the best option.  In order to 
calculate the scores the ranking is multiplied by the weight for every feature and then those numbers 
are all added together. The final scores for each device are located at the bottom.  
Table 1: Drive Device Design Matrix 
  
Pneumatic 
Cylinder  
Ball 
Screw 
Motor 
 
Weight 
   Size 0.05 2 3 1 
Weight 0.03 1 3 2 
Safety 0.05 3 2 1 
Cost 0.15 2 3 1 
Complexity 0.1 3 2 1 
Ease of Installation 0.09 3 2 1 
Control of Motion 0.15 3 1 2 
Operation Speed 0.08 1 3 2 
Vibration 0.15 3 1 2 
Noise  0.15 3 2 1 
 
Score: 2.58 2.01 1.41 
 
This design matrix was specifically for the rotation of the leg rest.  Initially discussing the device, it was 
noted that the pneumatic cylinder, ball screw and motor would all be feasible for the final design.  In 
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order to pick which one would be best for the design this design matrix was used following the 
procedure above.  In the end it was determined that the motor was the best option.   
 
Final Design 
With the design concept and the drive devices selected, the next step was to work out the details.  This 
included choosing the rotation linkage and the detailed dimensions of the leg rest.  The company 
expressed their desire to use a four bar linkage to make the leg rest rotate as they believe that would be 
the cheapest and most simple option.  The leg rest was designed around the 95th male percentile and it 
was decided that in order to achieve this, the extension of the leg rest would require two different 
stages.  The details of the study are discussed more in the comfort section below.    
The details of the design can be seen in the images below.  These are generated from the computer 3D 
modeling program CATIA.  There are three degrees of freedom in the design.  One is the rotation of the 
four bar linkage and the force is provided by the window motor.  The second degree of freedom is the 
extension of the leg rest.  In order to achieve this two motors are used with two separate ball screws.  
The third degree of freedom is the footrest.  In order to simplify the design, the footrest will be manually 
operated instead of using a motor.  
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Figure 13: Final design with seat 
 
Figure 14: Final design 
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Figure 15: Two stage extension leg rest with window motor and ball screw 
 
Figure 16: Four bar linkage with window motor 
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Comfort  
As it was discussed in the introduction, the comfort would not be decided until the final design was 
selected.  After the selection, the rotation and extension were the different things that needed to be 
considered for comfort. There is a more specific description of what needed to be defined below.  
These are the parameters that needed to be defined:  
1. The angle of rotation of the leg rest 
2. The speed of rotation of the leg rest 
3. The noise level of the rotation motor and mechanism 
4. The length of extension of the leg rest 
5. The speed of extension of the leg rest  
6. The noise level of the extension motor and mechanism 
7. Reach to the footrest 
Each one of these parameters needed to be defined specifically and technically.  That way once the 
design was completed, it could be checked to make sure that these were achieved and therefore it 
would be a comfortable design.  Since no study on leg rest was found, the students set these values 
based off of research similar to the topic.  
1. The angle of rotation of the leg rest 
The more specific explanation of this is that the leg rest will start from its neutral position and rotate up 
to a certain angle and the hit a mechanical stop.  The angle of this needed to be determined.  This was 
done by researching products that have leg rest.  It was observed that no leg rest broke the plane of the 
seat. This means that at the leg rest’s maximum rotation, the leg rest was parallel with the seat.   
2. The speed of rotation of the leg rest 
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A parameter that was given at the start of the project was that the operation of the device needs to be 
able to operate fully in less than ten seconds.  An experiment was done to simulate the rotation of the 
device with the user’s legs resting on it.  It was decided that ten seconds was too much time and that 
the user may get impatient.  Cutting the time in half, to five seconds, made it faster, but it did not make 
it fast enough to make the user uncomfortable.  The leg rest will be rotating 90⁰ in 5 seconds so that is 
18⁰/ sec.  Another consideration in increasing the speed of rotation is that when the user would like to 
minor adjustments, the leg rest would rotate faster and therefore make it more difficult to put the leg 
rest into a more accurate position.  
3. The noise level of the rotation motor and mechanism 
The type vehicle that this leg rest is being designed for is a very high end luxury MPV, so the last thing a 
user would want is a loud motor or mechanism underneath them.  It was decided that a maximum noise 
level needed to be defined.  In order to do this research was done on the human ear.  The image below 
shows the different decibel levels that humans hear.   
 
Figure 17: Decibel Chart (Virginia, 2012) 
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It can be seen from the decibel chart that a vehicle will operate at 50 decibels at a low speed on the 
interior.  So to make sure not to match this noise or to exceed it, the decibel level of the motor and 
mechanism should not exceed 30 decibels.  
4. The length of extension of the leg rest 
The length of extension was one of the most important to consider and it also took the most research.  A 
limiting factor to the design was the height of the seat since the design has the leg rest stored in the 
vertical space between the floor and the seat.  This distance of usable space was given as 240 mm.  This 
is the maximum length the leg rest could be, unless it was made extendable. Once it extended, it needed 
to be decided if it would have only one stage or more.  If it was only one stage of extension the 
maximum distance would be 480 mm.  To understand if this was a proper distance an anthropometric 
study was looked at.  
The study titled “Ergonomics in the Automotive Design Process” was done for the design of vehicle 
seats, not the leg rest.  They did not have the exact measurements, but it was possible to get the 
measurement that was needed by added two together.  The measurement that was needed was the 
distance from the buttocks to the feet.  This measurement, along with the length of the seat, could be 
used to determine the length of the leg rest.   
The study had measurements available for the 5th, 50th and 95th percentile for male and female.  In order 
to make this design as comfortable as possible, the dimensions used were from the 95th male percentile.  
Females were shorter and therefore would not be restricted by the male dimensions.  The 
measurements are listed below. 
Supplied by the company: 
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The length of the car seat cannot be exact because the customer is unknown, but the estimated value 
based off of existing seats is 495 mm. 
From “Ergonomics in the Automotive Design Process”: 
The distance from the bottom of the knee to the floor is 476 mm (95th male percentile). (Bhise, 2011) In 
the image below the different measurements taken can been seen.  It was decided to use this specific 
one because the leg rest will be starting from the end of the seat, just about where the bottom of the 
knee is.  
 
 
Figure 18: Measurements of the human body (Bhise, 2011) 
 
Analyzing the final design of the leg rest it can be seen that it has two stages of extension in addition to 
the main part of the leg rest.  The main part measures 240 mm, the first stage is 160 mm and the third 
stage is 100 mm.  This adds up to be 500 mm.  So in order to see if this design has enough leg room for 
the 95th male percentile, the length of the seat would have to be defined.  Since the customer is 
unknown, the dimensions are also unknown. An assumption that the length of the seat was the same as 
the distance from the butt to the knee was made.  Comparing the distance of the leg rest, 500 mm, and 
the distance from the knee to the foot for the 95th male percentile, 476 mm, it can be seen that the 
design will indeed satisfy the comfort requirements.  
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5. The speed of extension of the leg rest  
As stated earlier, this function must be performed in less than 10 seconds.  Deciding that this would be 
too long, the time was cut in half to five seconds.  The leg rest is 500 mm long when extended, but it is 
already 240 mm long initially, so it only extends 260 mm. The speed of extension of the leg rest is 52 
mm/ sec.   
6. The noise level of the extension motor and mechanism 
The noise level of the motor and mechanism should not exceed 30 decibels.  The details for the selection 
of this decibel level can be seen above in number 3. 
7. Reach to the footrest   
The current design does not include an automatic foot rest.  This means that the user will have to open 
and close the footrest themselves.  Depending on the dexterity of the user, the foot rest can most likely 
close using their foot.  It will be much less likely that the user can do that to open the foot rest. This 
means that they must reach down and use their hands.  In a seated position, it will be very easy for the 
user to reach to the foot rest.  For a future consideration, the company could look into adding a motor 
to activate the foot rest.  This would make it more comfortable for the user, but it would also make the 
design more complex and cost more money.  
ANSYS 
ANSYS is a program that can be used as a tool to do finite element analysis for 3D models.  In order to do 
an analysis in ANSYS of the design, potential materials needed to be selected.  Two common materials 
for this application were provided and they were compared.  These two materials were aluminum alloy 
and magnesium alloy.  An analysis of the design was done for each of the materials in ANSYS.  The 
maximum allowable stress was calculated and then compared to the analysis to see if the materials 
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were strong enough.  For all of the tests of each material part of the four bar linkage that would 
normally be connected to the seat was set as a fixed position.  Then a 500 Newton force was put on the 
leg rest and a 100 Newton force was put on the foot rest.  These numbers were supplied by the 
company to simulate the force exerted by the user. The only part of the design that was analyzed was 
the 4 bar linkage, not the leg rest or footrest.   
Table 2: Material Properties 
 
 
Magnesium Alloy  
 
Figure 19: Stress analysis of magnesium alloy 
32 
 
 
  Equation 1: Maximum allowable stress calculation for magnesium alloy 
In order to determine if the material would fail under the load, the maximum allowable stress was 
compared to the calculated stress.  After the ANSYS analysis, the total strain of the magnesium alloy was 
determined to be 0.006195 m and the total stress was 364 MPa. The equation from the maximum 
normal stress was calculated using the equation above (Callister, 2010). Since the maximum allowable 
stress (384 MPa) is greater than the calculated stress, the product will not fail under the given load.   
 
Figure 20: Strain analysis of magnesium alloy 
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Aluminum Alloy  
 
Figure 21: Stress analysis of aluminum alloy 
 
 
Equation 2: Maximum allowable stress calculation for aluminum alloy 
The same process for was done for the aluminum alloy.  In order to determine if the material would fail 
under the load, the maximum allowable stress was compared to the calculated stress.  After the ANSYS 
analysis, the total strain of the aluminum alloy was determined to be 0.011944 m and the total stress 
was 363 MPa. The equation from the maximum normal stress was calculated using the equation above 
(Callister, 2010). Since the maximum allowable stress (338 MPa) is less than the calculated stress, the 
product will fail under the given load.   
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Figure 22: Strain analysis of aluminum alloy 
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Conclusion 
The joint project with two Shanghai University students was successful.  Johnson Controls, the sponser 
company, seemed pleased with the results and they said it was more than they expected from 
undergraduate work.  In eight weeks, the project team was able to accomplish the goals of the project.  
They used their backgrounds in mechanical engineering in order to do this and when one student lacked 
in an area, another student pick it up.   
The students working together were from different countries and this added some aspects to the 
project that may not happen with other projects.  Coming from different backgrounds, each student had 
their own strengths and were able to help each other throughout the whole project.  On the downside, 
the language barriers did create an issue from time to time, but nothing that couldn’t be overcome.   
There is some future work that could be continued from another project or the company.  In order to 
make the design simpler, it is possible to use just one motor and ball screw instead of two by the 
extension part of the leg rest.  To add more comfort to the design, a motor could be used to control the 
footrest instead of it being manually operated, but this would increase the cost and complexity of the 
design.  Once the company is satisfied with a design, a cost analysis and shipping and packaging analysis 
could be done. 
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